Scanning-probe microscopes (SPMs), major enabling tools underlying scientific discovery at nanometer length scales, are applied across a wide range of fields. These instrumentsessentially sharp tips affixed to nanoscale robotic arms-have captured the imagination of scientists and the public alike in their ability to image and manipulate individual atoms and molecules. Since their invention nearly three decades ago, SPMs have proved to be highly versatile tools capable of operating in a wide variety of conditions. For this reason, the potential to study the structure and structural dynamics of individual biological macromolecules in biologically relevant conditions (in particular in fluid at room temperature) has made the SPM an exciting addition to the biophysicist's tool chest.
Mechanical drift between an SPM tip and a sample limits many aspects of SPM performance. For example, atomic-force microscopes (AFMs), the most prominent type of SPM instrument, would benefit from the ability to enhance image resolution by scanning slowly and averaging cantilever response, return the tip to a precise feature in an image (e.g., a region of a protein), hover the tip over a feature for long time periods to study local dynamics (e.g., conformational fluctuations), and precisely control the tip's 3D position when disengaged from the surface (e.g., force spectroscopy). Unfortunately, none of these important tasks can be achieved with current AFMs in real-world conditions because of drift. Long-term atomic-scale stability between tip and sample is needed to fully exploit the advantages of AFM across a broad array of disciplines.
To surmount the limitations imposed by drift, we have developed a unique, ultrastable AFM measurement platform. Our approach, inspired by precision optical-trapping techniques, 3 establishes a local differential reference frame to control the
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tip/sample displacement (see Figure 1) . Briefly, focused lasers of different wavelengths (red and green) locally report tip and sample position by scattering off both the tip's apex and a fiducial mark (a nanoscale silicon disk) affixed to the sample plane. Backscattered light is separated by wavelength and collected to yield the 3D position of each object with atomic precision. This data is used as feedback to piezo stages (not shown) to actively stabilize the tip's position with respect to the sample. The technique's precision hinges on maintaining extreme 3D differential pointing stability between the two laser focal volumes. The method requires low laser power (1mW), is independent of tip/sample interactions, and negligibly perturbs the tip. A third laser (gold) is reflected off the backside of the cantilever to report tip/sample force in a standard optical lever-arm arrangement.
Our nascent, ultrastable AFM has achieved an unprecedented level of tip/sample control in ambient conditions. 2 With an ultrastable AFM, images can be obtained at high resolution while maintaining atomic-scale registration between tip and sample during and after scans. Hence, regions of interest can be identified in a scan and later interrogated in detail. The instrument has the newfound ability to hover an AFM tip over specific regions of interest with single-Ångstrom stability for time periods on the order of tens of minutes. We have also demonstrated a fivefold enhancement of the signal-to-noise ratio in images based on slow, stabilized scanning. 2 Conceptually, we have developed a robust 'tripod' for AFM measurements. Our work extends the full use and precision of this widely used tool to a variety of real-world operating conditions. For example, we recently extended our ultrastable AFM's capabilities to room-temperature fluid to study proteins in biologically relevant conditions. Although preliminary, we have already uncovered interesting new phenomena in the unfolding and re-folding dynamics of bacteriorhodopsin, a model membrane protein. We anticipate that the newfound capabilities of ultrastable AFM will find applications in a variety of fields ranging from fundamental studies in single-molecule biophysics (which we will continue to improve on) to tip-based nanofabrication. 
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